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The worldwide increase in urban and industrial areas represents a challenge for urban
green management, pollutant mitigation and environmental monitoring. We propose an
analysis approach for the spatial and spatial-temporal distribution of pollutants in the
environment through dendrochemistry techniques, in order to gauge the value of this
discipline in urban ecosystem. The proposed analysis models can be useful to evaluate
significant changes in space and time related to economic activities and to describe the
“impacts” of adopted strategies, as demonstrated in the case study of the opening or
closure of factories, and therefore to describe the cause-effect relation connected with
human activities. Trees represent a key factor for urban planning, providing a wide variety
of ecosystem services including in-depth environmental monitoring, which is one of the
main elements to be included in a high quality urban design. The proposed approach
aims at suggesting the dendrochemistry as a novel and feasible tool definable as a
cost-saving ecosystem service in the urban context.
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INTRODUCTION
The definition of ecosystem services is linked to the capacity to obtain one direct or indirect benefits
or services from the ecosystem for human well-being (Costanza et al., 1997; de Groot et al., 2010;
Manes et al., 2016). Currently, the definition of ecosystem services is linked to the natural ecosystem
characteristics and the technology used to improve human life (Daily, 1997; Marchetti et al.,
2019). Therefore, the identification and quantification of the ecosystem services can change with
the value that decision-makers give them, considering the different strategies of the biodiversity
conservation and planning at different spatial and temporal scales (Semeraro et al., 2019). Positive
and negative externalities of the use or loss of many environmental goods and services are still not
well-acknowledged (de Groot et al., 2012), for the future assessment of the planning of ecosystem
services (Sallustio et al., 2015; Semeraro et al., 2019).
Trees in urban contexts may provide direct benefits such as regulating services, “The
services that ecosystems provide by regulating the quality of air and soil or providing flood
and disease control, etc” (The Economics of Ecosystems and Biodiversity, 2011), but also yet
unassessed benefits for citizenship (Semeraro et al., 2020). Trees absorb pollutants from the
environment and accumulate them in tree rings (Cocozza et al., 2016; Perone et al., 2018).
The advantage to obtain new service from trees, namely the determination of pollutants
in each tree rings might increase the value of urban trees to support the monitoring of
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air quality in the time and in urban environmental strategies and
plan development. In this vision, trees are an important tool for
the definition of long-term impacts of anthropization (e.g., not
well-managed activities of waste management), that in several
cases cannot be supported by traditional mobile monitoring
stations (e.g., in remote areas).
The last century has showed a significant increase in urban
and industrial areas, and future projections are characterized
by features such as fast population growth and migrations
from rural to urban areas (Marchetti et al., 2014; United
Nation, 2014). The consequent environmental and landscape
changes require (Marchetti and Pietrobelli, 1996) the monitoring
of atmospheric pollution to evaluate the impact of human
actions in order to support urban strategies to manage
critical environmental issues. Furthermore, environmental and
landscape monitoring is one of the main elements to evaluate
the quality of urban design and planning (Artiola and
Brusseau, 2019). Along these lines, the European Council
Directive 85/337/EEC, 2014/52/UE, and the European Directive
2001/42/EC introduced Strategic Environmental Assessment
(SEA) and Environmental Impact Assessment (EIA) for the
assessment of the potential environmental impacts of projects,
plans, and programs (European Parliament Council of the
European Union, 2001) on human health. An important aspect
introduced by the European directives is to monitor the quality
of the environment and landscape and the potential effects or
impacts of human strategies and actions on human well-being,
ex-ante and ex-post the realization of projects, plans, programs.
Therefore, if the monitoring ex-post is always possible also with
spatial approaches (Bottalico et al., 2017), the monitoring ex-
ante may be limited by a lack of information. In this context,
an important role can be played by the analysis of pollutants
in tree rings (dendrochemistry) (Baes and McLaughlin, 1984),
to obtain environment pollution information (Cocozza et al.,
2016; Perone et al., 2018) useful for landscape planning (Sallustio
et al., 2019; Alterio et al., 2020), like global environmental
change (Fritts and Swetnam, 1989; Amoroso et al., 2017). In
this context, urban trees, trees outside forests and in woodlands
and forests constitute a fundamental source of historical data
and information that may be used to understand how the
environment was in the past and how it is evolving along
with human activities. In this way, dendrochemistry has the
potential to examine the history of contaminant releases by
using trees sprawl and present for many years in the landscape
independently from urban infrastructure development over time
(Burken et al., 2011; Perone et al., 2018). For example, Cu, Hg,
Pb, and Tl in tree rings were related to the contaminants released
from an incinerator in Terni, reflecting the historical variation of
environmental pollution in the urban area (Perone et al., 2018).
Following the path tracked by Perone et al. (2018), we want to
highlight the potential of the dendrochemistry to extract useful
information by giving benefit in environmental and landscapes
urban planning for human well-being. So, the purpose of this
paper is to define a conceptual model for the spatial and spatial-
temporal analysis of pollutants in the environment through
dendrochemistry applications for environmental monitoring in
urban areas, using the Terni municipality as a case study in order
to evaluate the contribution of this discipline in urban planning.
In this respect, the concentrations of pollutants in the urban
ecosystem can represent important information to relate causes
and effects of human actions and strategies for the environmental
quality through biomonitoring programs.
CONCEPTUAL MODEL DEFINITION
The methodology developed in this study used indirect benefits
that can be derived by using accumulated pollutants in the urban
trees (namely in tree rings), like the result of the regulating
services, to develop urban monitoring activities. Mainly, the
pollutant levels of tree rings have been used to compare the effects
of human activities. Therefore, the methodology is based on the
multivariate analysis of the significative differences for pollutant
concentrations in tree rings in the time and space realized in
relation to human actions or activities in a study case, Terni
(Umbria, Italy) (Figure 1A).
Study Case
The study area is in Terni, one of the most polluted sites in
Central Italy (Sgrigna et al., 2016). The city of Terni (42◦34’ N;
12◦39’ E, elevation 130m a.s.l., 112.000 inhabitants) is placed in a
valley surrounded by three mountains. Dominant winds are from
N-NE to S direction, and the city is characterized by complex
environmental human-induced conditions, which compromised
the urban environmental quality (www.arpa.umbria.it). The area
is characterized by one of the largest (around 150 ha) stainless
steel production site in Europe (Moroni et al., 2013) since 1885,
a plant of wastewaters of the steel factory and two storage
sites (one for waste and special waste since 1982, and another
for dangerous waste since 2006), defined in 2003 as an area
of national interest (SNI), “Terni-Papigno” (DM 468/2001 and
DMA 08/07/02), for the contamination level. It is also possible to
find three incinerators, one of which is not active since 2008, a
hospital with a nuclear medicine department, and a waste dump
(Mosca, 2008; Perone et al., 2018).
The analysis that we propose in this study is based on the
investigation of tree rings carried out by Perone et al. (2018).
Sampling survey of tree cores was carried out in proximity of
the Terni steel factory, identified as the main pollutant’s emitter
in the area of Terni. Downy oak (Quercus pubescens Willd.),
one of the most common tree species in the surrounding area,
was sampled. Four sampling sites were located close to the steel
factory, considering the main pollutants emitter in the area: three
proximal sites, located around the steel factory at a distance of
1 km (plot1, plot2, plot3), and one distal site at 5 km from the
plant (plot4) (Figure 1B). Details of trees sampling and pollutant
analysis are reported in Perone et al. (2018).
The levels of trace elements in tree rings of trees grown in
different location in the study area were analyzed by considering
two levels of investigation: (i) spatial (by collecting tree cores
in surrounding area to industrial source) and (ii) spatial and
temporal (by considering the accumulation of pollutants in tree
rings annually formed by sampled trees in years of exposure
to industrial source) levels, in order to define the pollutants
availability in the environment induced by factories’ emissions.
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FIGURE 1 | Conceptual model of the definition of pollutants’ levels in tree rings in urban area (A); location of sampling plots (B); assessment of the pollutant level in
plots 1, 2, 3, 4 (C); assessment of the pollutant’s levels in different periods in plot 2 and plot 4 (D); details of industrial history in the study area (E).
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The analysis at different levels was preceded by Levene’s
test to analyse homogeneity of variance (homoskedasticity).
The Levene’s test is significant, therefore we reject the Ho
hypothesis of equal variances. Therefore, a non-parametric
analysis (PERMANOVA) to test the significance of the difference
was performed between two or more groups, based on any
distance measure (Anderson, 2001). The spatial analysis required
a conceptual model that analyse the difference of pollutants in
trees located in different plots in reference to the pollutant’s
emitter, namely the steel factory (plot1, plot2, plot3 and plot4)
(Figure 1C). The spatial-temporal analysis combined the effects
of the position of the plot2 and plot4 in relation to emitters
and of the time-steps of the activities change of the incinerator
(Figures 1D,E) [period1: no activity of incinerator (2008-2013),
period2: activity of biomass power plant incinerator (1990-2008);
period3: no activity of incinerator (1984-1990)], intervals of
activity detectable in tree rings of trees in the area.
Results
In the first analysis, the PERMANOVA pairwise comparison
indicated that pollutant levels in tree rings were significantly
different between plot4 and plot1, between plot4 and plot2; while
differences of pollutant levels were not found between plot1,
plot2 and plot 3 (Figure 2A).
In the second analysis, the PERMANOVA analysis showed
spatial differences of pollutants’ levels between plot2 and plot4 in
period2 and period3, but not a significant difference in period1
(Figure 2B). Between temporal periods, pollutants’ levels were
significantly different between period1, period2 and period3 in
plot2 and plot4, whereas the pollutants’ levels did not differ
between period2 and period3 in plot2 and plot4.
The spatial analysis highlighted the effect of distance between
trees and the steel factory. By collecting tree cores of trees widely
distributed in the environment, the pollutants in tree rings were
higher in plots 1, 2, and 3 than in plot 4, showing that the
mapping of pollution risk area highly depended on the distance
from the source of pollution. Otherwise, no significant differences
emerge that can be traced to the effect of the prevailing wind
(from N-NE to S) on the concentration of pollutants in the
trees (Figure 3).
The spatial-temporal analysis showed the effect of the
distance between emitter and the trees with relevance for
temporal exposure to pollutants (Figure 2), highlighting the
cause (emission)–effect (storage) relationship of human action
to site specificity. The pollutant levels in two sampling plots
did not show any differences during the most recent considered
period (period 1, when the incinerator was closed), whereas the
pollutants’ levels were different among plots in the previous years,
suggesting a differential effect influenced by the emissions of
the incinerator.
However, these differences can also be induced by other
factors, such as a reduction in the emission of pollutants from
the steel factory and an increase in pollution emissions around
plot 4. The average pollution levels in plot 2 tended to decrease
from period 3 to period 1 for Cr, Pb, Ti, U, V, and W, while
the average levels of pollutants tended to increase in plot 4
from period 3 to period 1, except Cr and Ti, which decreased
(Figure 3). Increasing the number of plots in the space in
relation to the human actions that we wanted to analyze, we can
have more information to interpret the cause-effect relations of
human activities.
To better discriminate the effect of the incinerator, it is
necessary to develop specific sampling implementing the number
of plots around the incinerators.
DISCUSSION
The nature of the spatial-based distribution of trees (namely
biomonitors) and time-series of industrial history of the area
assumes that there are no unique attributes of study area
within the measurement set (e.g., spatial) and investigation
details across time. Therefore, dendrochemistry can be useful to
analyse the spatial and temporal effect of industrial emissions,
by analyzing the correlation between causes (human actions and
strategies) and effects (variations of the pollution in space and
time) of human-induced processes, and provides knowledge and
technologies for the biomonitoring of pollutants. In general,
the capacity of trees to absorb pollutants is recognized and
addressed by physiological processes, aiming to preserve human
health with the reduction of exposure risks (Keniger et al., 2013;
Sandifer et al., 2015). The potential of pollutants’ monitoring
through dendrochemistry analysis can describe the medium and
long-term effect of human actions, although radial translocation
between tree rings remains an aspect to be investigated.
Moreover, the physiological process of pollutants’ storage in
tree rings requires time perhaps not compatible with real-
time detection of the effects of emission in the environment.
Therefore, dendrochemistry cannot be applied to monitor the
exceeding of pollution thresholds in a year (in real time),
although it can be applied in a complementary way with a
traditional monitoring system or when historical data are not
available. The significance of spatial-temporal model, especially
in long-term trends, is to simulate the development of pollution
over long periods, decades or century, where very old trees
are available.
The main elements of the ecosystem, such as trees, are a vector
of information in time and space that can be directly used by
humans for environmental and landscape planning focused on
human well-being. This potential defines the dendrochemistry
as a useful tool for the monitoring of a new plan and project,
as defined by European directives, by providing an important
action to gauge the environmental quality in time and space.
Mainly, the use of the information contained in the tree
rings can be useful to apply in the descriptive model of
environmental variables called DPSIR (Driving forces, Pressures,
States, Impacts, Responses) framework that has been adopted
by the European Environment Agency (EEA) and used in the
Strategic Environmental Assessment (SEA) and Environmental
Impact Assessment (EIA) reports (https://www.eea.europa.eu/
help/glossary/eea-glossary/dpsir).
This conceptual model (https://commons.wikimedia.org/
wiki/File:DPSIR.svg) highlights the interactions between the
economic, political and social systems with the environmental
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FIGURE 2 | PERMANOVA analysis: P-values of pairwise comparisons of the conceptual model in Figure 1. (A) Representation of the significance differences
between plot1, plot2, plot3 and plot4, and (B) representation of the significant differences between period1, period2 and period3 in plot2 and plot4, that are chosen
as comparable. The orthophotos used to represent the statistical results in the time and in the space are derived from Bing-Maps.
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FIGURE 3 | The average value of index level of trace elements (A) in the plots and (B) in the each plot for each period analyzed. The colors from yellow to red refer
from the lower to higher average value.
components, according to a cause-condition-effect sequence,
in order to provide a multidisciplinary and integrated vision
of the various environmental processes. Considering the main
human activities that we want to analyse like “Pressures,”
dendrochemistry can help to describe the “Status” of the
environmental matrix and the spatial-temporal differences useful
to describe the “Impacts” connected to the human activities
stimulating mitigation actions like “Responses.” Therefore, the
ability to obtain scientific information and fundamental data for
environmental and landscape planning both on a local and global
scale must be considered as an important ecosystem service.
The proposed analysis can be useful to evaluate significant
changes in space and time related to economic activities and to
describe the “state” and “impacts” of adopted strategies, such
as in the study case the opening or closure of an incinerator
and a steel factory, and therefore to describe the effects of the
“responses” applied as a consequence of a detected impact. In
addition to traditional stations, environmental monitoring can
be conducted through the exploitation of trees, which can be
found nearly everywhere, do not require any power source and
involve a low cost of exercise and analysis. Furthermore, they are
plants, thus they provide well-known benefits to urban contests.
Luckily, another powerful advantage of dendrochemistry is the
unobtrusiveness of the technique, since the dendrochronological
method does not compromise tree growth and dynamics. Several
simulations incorporate the assumption that improvements in air
quality are directly proportional to reductions in environmental
emissions (Li et al., 2018). Recently, in Italy, the costs of a mobile
monitoring station (1 site of monitoring) is around e 20.000,
not including equipment management and data analysis. A cost-
effectiveness analysis of alternative air quality control strategies
might consider dendrochemistry, that, with the same budget,
produces about 200 measurements, namely the characterization
of 200 tree rings (estimating the cost of laser ablation analysis at
e 100 per sample and not including equipment management and
data analysis). The importance to design the sampling framework
is relevant in terms of distribution of pollutants’ sources, the
availability of trees in the environment and factors influencing
the movement of pollutants in the air, in order to define the
sampling unit in the specific study area. However, the definition
of signals in tree rings in function of the spatial pattern is
also related to environmental conditions of the trees’ position
(e.g., soil, topography, climate) and to vegetation (e.g., growth,
physiology) conditions (Dale and Fortin, 2014). For that reason,
the sampling unit requires to be defined in relation to the size
and distribution of trees in the area, that in the urban context
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is frequently patchy and limited. Therefore, dendrochemistry
analysis should be constituted by a minimum of sampling
number of unit to select in order to define the effects of pollution
in spatial, temporal and spatial-temporal level (e.g., 200 tree
rings = minimum 3 plots + minimum 3 trees per each plot to
analyse + minimum 3 periods, such as individual year, lustrum
or decade to analyse). By adopting this kind of approach, a least-
cost strategy to define the level of pollutants in the environment
might be obtained designing specific scenarios of biomonitoring
for each site. For instance, each urban and industrial area can
be differently monitored: (i) 3 plots, 3 trees, 22 individual tree
ring; (ii) 5 plots, 5 trees, 8 individual tree ring every 5 (with
a retrospective detail 40 age back); (iii) 10 plots, 4 trees, 5
individual tree ring every 5 (with a retrospective detail 25 years
back). Although several biomonitoring techniques are available,
such as lichens and honeybees (e.g., Olise et al., 2019; Gutiérrez
et al., 2020), dendrochemistry can provide retrospective temporal
information on pollution absorbance.
Trees represent a pollution data archive, that through
dendrochemistry can be made available mainly for ex ante
monitoring environmental quality and supporting urban
planning processes. For this reason, trees provide useful
information for human benefit and can therefore represent
direct goods and services to support decision-making processes
(Alterio et al., 2020). Consequently, the urban ecosystem can
represent an important temporal and spatial information vector
that can be classified as ecosystem services. Naturally, this is an
indirect benefit because is linked at the capacity of the human
to extract environmental ex ante and ex post information and
it is obviously not static in the time, but can change following
increased knowledge and new potential humans’ needs.
However, statistical analysis applied at this type of study
cannot represent the truth but helps us to interpret the data
with a lower probability of making mistakes. In particular,
spatial differences can be influenced by intrinsic characteristics or
factors of each point sampling that cannot always be considered
in the analysis, such as high buildings, slope, morphology etc.,
or other sources of pollution unknown to us. Moreover, we
believe that the PERMANOVA test is not always the best for
this type of study case, because the choice of the statistical
test has to realized considering the characteristic of the data.
For instance, parametric test bases the significance of the result
on the assumption of normality and therefore can be applied
only considering specific assumptions, whereas, non-parametric
tests are more flexible applications test like PERMANOVA, but
P-values are obtained using permutations of the objects between
the groups, therefore, the result can be less representative of the
parametric test (Anderson, 2001). The application of the most
appropriate statistical test, mainly between parametric and non-
parametric tests, is essential to avoid false-negative results, that is
to erroneously conclude that there is no association between the
variables of the study case. This would render vain the effortmade
to design and manage the study in the most appropriate way.
In this context, a transdisciplinary approach that combines
different disciplines like physiology, ecology, statistical,
urban forestry and planning can improve the capacity of
dendrochemistry to produce environmental information
from the tree rings useful to human well-being assessment and
monitoring. Indeed, the potential of trees to recorder information
in space and over time, the capacity of dendrochemistry to
extract these information form single trees, the ability of tree
physiologists to link the information with the characteristics of
the vegetation and the environment’s interaction and the capacity
of the ecologists to analyse the interaction on this information
with the social and economic context of reference and statistic
to support right analysis can produce comprehensive results
able to support territorial planning activities. Therefore, this
approach can produce innovation and increase ecosystem
services in urban areas. Its value might grow over time, along
with our ability to connect the concentration of pollutants in
tree rings with the cause and effect relationships of human
actions, considering the wide availability and distribution of
trees in the environment. This ability will also be connected with
the technological development that will allow us to have tools
capable of better refining these analyses.
CONCLUSIONS
The specific contribution of the paper is to highlight an
operational benefits derived by the services of urban tree to
evaluate the temporal dynamics of human activities through
a multivariate analysis of pollutants in tree rings. Mainly, as
discussed for the study case in Terni, the spatial and temporal
analysis by studying the same trees over time (e.g., by monitoring
the pollutants’ storage in the long series of tree rings annually
formed by the tree growth) allows to process the environmental
effects absolutely necessary in order to reduce environmental
risks in an area through urban forest planning. The possibility
to link the dendrochemistry at the capacity to obtain ecosystem
services for human well-being can increase the value of the
tree rings analysis pushing decision-makers and policy to invest
in new application projects improving the technologies and
knowledge. Moreover, plan the new green space, with this
vision in growing cities, can increase the efficiency of the
dendrochemistry in environmental monitoring, because the
location of specific trees in the cities can be related to the
pollution hotspots. In this context, a new vision of the urban
green areas plan and design can be applied. Squares, parks or
tree-lined rows can be proposed and planned not only for direct
services, like human health, but also to monitor human activities
and the effect on environmental conditions in time and space at a
low cost. The future development of this study will be to connect
the spatial and temporal pollutant dispersion with clinical data
to link the direct causes of human activities to the effects of
specific illnesses. Thus, the urban ecosystem can be useful in areas
characterized by the strong industrial activity to assess the social
effects of these activities and to apply the right mitigation actions
and to estimate social costs.
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